We present a multi-cohort shape heritability study, extending the fast spherical demons registration to subcortical shapes via medial modeling. A multi-channel demons registration based on vector spherical harmonics is applied to medial and curvature features, while controlling for metric distortion. We registered and compared seven subcortical structures of 1480 twins and siblings from the Queensland Twin Imaging Study and Human Connectome Project: Thalamus, Caudate, Putamen, Pallidum, Hippocampus, Amygdala, and Nucleus Accumbens. Radial distance and tensor-based morphometry (TBM) features were found to be highly heritable throughout the entire basal ganglia and limbic system. Surface maps reveal subtle variation in heritability across functionally distinct parts of each structure. Medial Demons reveals more significantly heritable regions than two previously described surface registration methods. This approach may help to prioritize features and measures for genome-wide association studies.
INTRODUCTION
Subcortical shape analysis is a key field of research within the family of morphometric techniques developed to analyze brain anatomy. The major subcortical structures are generally easier to parcellate than cortical regions and have a set of clearly distinct functional roles, but structures within the basal ganglia and limbic system present additional challenges. The basic approach of simply measuring the volume of each structure overlooks subtleties of shape that affect the variability in volume. These subtleties may be necessary to fully explain the biological effect of interest and may also provide for more powerful biomarkers of disease. Yet, local analysis of subcortical surfaces is hampered by the lack of clearly identifiable surface landmarks; such landmarks tend to be easier to identify on cortical surfaces.
The quest to identify variations in our DNA that influence brain structure is known as imaging genetics, and aims to identify mechanisms of diseases that affect the brain. Genetic analysis of brain scans may eventually help to identify drugs that influence the link between genes and brain biomarkers. Large consortia such as ENIGMA have discovered genetic variants that consistently affect structure volumes on brain MRI, but until now such efforts have required analysis of MRI data from tens of thousands of individuals [1] . Even so, simple volumetric measures for a structure may not provide detailed information on neuroanatomical pathways, cell types, or connections that may be genetically influenced. A detailed surface-based evaluation of the shape of the region may also help localize the effect of genes within the structure and help distinguish genes targeted to particular neuroanatomical pathways and cell types from those that affect structure globally. Subcortical volumes are highly heritable: 40-80% of the observed population variance in the individual volumes is due to additive genetic effects [1] . However detailed maps of surface wise heritability are not yet available. Classical behavior genetics approaches use family based models of twins, siblings or pedigrees to break down the observed population variance and determine the overall genetic component. For surface-based metrics, this is done on a vertex-wise level, and accurate registration of surfaces is critical [2] .
Several approaches exist to register subcortical surfaces. SPHARM [3] , a popular method during the early days of subcortical shape analysis, applies a rigid transformation to a spherical parameterization based on the ellipsoid formed by first degree spherical harmonics. This approach works well for rough global surface alignment, but depends heavily on the chosen spherical parameterization. Among the more recent surface registration approaches are those based purely on the concept of metric distortion minimization, such as the conformal [4] or nearisometric [5] mappings. These approaches often achieve reasonable correspondence, but they ignore higher-order geometric information, such as curvature. Shi et al. [6] partially resolved this by fluidly registering curvature in the flat parametric domain after conformal parameterization. However, the registration is no longer guaranteed to be angle-preserving, and requires identifying artificial curve landmarks to map to domain boundaries. An alternative approach exploits the intrinsic shape features based on the Laplace-Beltrami operator [7] . Surfaces are mapped directly without explicit parameterization, by embedding each shape into a high-dimensional space via its LB spectrum. A pair of surfaces is then brought into correspondence by varying the scale of the metric tensor to reduce distance between embeddings. Another class of methods [8, 9] place the shape registration problem in a Riemannian setting, defining a metric on smooth maps from the 2-sphere to space that is invariant to reparameterization. The use of the Riemannian machinery leads to a number of useful abilities, such as computing Karcher means and shape geodesics; however, ultimately the shape metric is still based on the embedding of a shape in space, possibly heuristically normalized for translation and size, rather than on the intrinsic properties of the shape itself. It is unclear that the use of such a metric defines appropriate correspondences for anatomical shapes or that the perceived distance between anatomies does not encapsulate nuisance factors. The latter problem diminishes the statistical power of such metrics for sensitive tests such as heritability analysis.
Our approach extends a previously validated fast spherical demons algorithm [9] for cortical surface registration to shape features of subcortical boundaries. Yeo et al's. [10] original adaptation of the Euclidean demons registration to the 2-sphere was further improved in [11] by using vector spherical harmonics to significantly speed up the convolution step of the demons method. We use mean and Gaussian curvature to drive the initial registration by demons, followed by a registration based on the shape medial model [12] . The metric distortion is controlled by the distortion-minimizing initial spherical parameterization [13] , and the regularization of the demons algorithm. To compare shapes in a point-wise manner, we apply two complementary local measures: radial distance mapping or "shape thickness," and the log of the Jacobian determinant [14] . We applied our pipeline to seven subcortical structures and used SOLAR http://solar.txbiomedgenetics.org/ [15] to model heritability in 440 twins and siblings from the Human Connectome Project cohort, and 1040 twins from the Queensland Twin IMaging study (QTIM). Our registration algorithm provides a unique and stable matching between datasets, allowing us to efficiently and effectively metaanalyze heritability across datasets.
INITIAL SURFACE REGISTRATION
Our shapes are extracted using the FreeSurfer 5.3 parcellation, followed by a topological correction and mild smoothing based on the topology-preserving level set algorithm [16] . Our initial spherical parameterization is based on the robust conformal and area-preserving mapping by Friedel [13] . Our version of the spherical demons algorithm, previously described in [11] , is based on the standard 2-step formulation [17] . In this formulation, the first step represents a search for the update direction of the current warp, and the second -the regularization of the new warp resulting from this update. Adapting the demons approach to (fixed and moving) spherical images , ∶ → , we optimize over , , : → , and following Yeo's convention [10] , define * using the Lagrangian frame * , , where
The optimized field is the warp bringing the two images into correspondence (Fig. 1) . The inverse of this field parameterization is given by , , where is the crossproduct matrix, as suggested in [10] . The coupled optimization problems may be written as
where is a "hidden" transformation, and the regularization
with the update . The regularization term is generally taken as a norm of a differential operator, so that the minimization can be achieved with a convolution. A well-known example, minimizing the harmonic energy in is equivalent to a Gaussian smoothing of the displacement field [18] . Likewise, the second term in the first equation (2) can be interpreted as a penalty on the harmonic energy of , as well as its norm, and can be smoothed with a heat kernel. Smoothing the displacement field is often termed "diffusion-like regularization," [11] and smoothing the update, "fluid-like regularization" [18] . The unique advantage of the demons family of algorithms is precisely the separation of the two optimization problems: each cost can be optimized very efficiently with either a linear approximation or a fast convolution. Lastly, a more recent modification of the demons framework [18] introduced the idea of maintaining diffeomorphic warps by passing each update step through the exponential → , thus ensuring invertibiliy. Since diffeomorphisms form a Lie group under composition, this approach guarantees a smooth invertible final warp . In solving the first optimization problem (2), we deviate from [10] , who optimize the problem directly in the original image space, and follow [18] more closely: we reformulate the problem as
This leads to a straightforward linear problem, following the linearization of ‖ * * ‖ , which can be solved separately for every point on .
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A key difference between our demons adaptation and [10] lies in the optimization of the second demons problem (3). In [10] , the authors recursively apply an explicit brute-force kernel. Such an approach becomes computationally infeasible for larger kernels. We replace this with vector heat kernel smoothing via the Vector Spherical Harmonic (VSH) transform, which eliminates the limitation on the kernel size and speeds up the process considerably. Vector spherical harmonics satisfy ∆ 1 , where ∆ is the vector spherical Laplacian. They can be defined as the gradient of the scalar harmonics , and its orthogonal complement [19] .
, .
The harmonic decomposition of a spherical vector field is then
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Extending Mercer's Theorem [20] to spherical fields, we define the heat kernel as ,
where ⊗ is the tensor product. The kernel in (8) represents Green's function of the vector isotropic diffusion equation ∆ , √2 . Applying the kernel to a field leads to an expression which is similar to the scalar harmonics case [21] 
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